Abstract. This study investigated the effectiveness of laparoscopic selective proximal vagotomy using a CO2 laser. Irradiation of the stomach was performed from the serosal aspect using a defocused CO2 laser beam. In the first experiment, the inhibitory effect on cysteamine ulcers in rats was compared between surgical vagotomy and CO2 laser vagotomy using three different irradiation fields. The results suggested that irradiation near the lesser curvature provided sufficient denervation. In the second experiment, CO2 laser vagotomy was performed laparoscopically in dogs. The procedure lasted less than 1 h and a postoperative endoscopic Congo red test confirmed its effectiveness. Subserosal tissues including the vagus nerve branches showed degeneration and were replaced by fibrosis 3 months postoperatively, but the deeper tissues were spared. In conclusion, laparoscopic CO2 laser vagotomy may be as effective for reducing acid secretion as standard surgical vagotomy. Its simplicity and safety suggest that a clinical trial in humans may be warranted.
In the present study, we ascertained the effectiveness of CO2 laser SPV and investigated the irradiation field necessary for vagotomy in rats. In addition, CO2 laser SPV was performed laparoscopically in dogs to evaluate its technical difficulty, safety, and effectiveness.
Materials and methods

Experiment 1
Fifty male Wistar rats weighing 250-300 g were divided into the following five groups: an untreated control group (n = 10), a surgical SPV group (n = 10), and three laser SPV groups (LI, L2, and L3: n = 10 each). All operations were performed under ether anesthesia.
Surgical SPV
Following exposure of the stomach, the gastric branches of the vagus nerve were selectively ligated and cut, while preserving those to the antrum (Fig. 1) . The procedure was carried out on both the anterior and posterior aspects of the stomach.
Laparoscopic selective proximal vagotomy was reported in recent years as a method of minimally invasive surgery for peptic ulcer [1, 4, 11, 13] . However, the extensive repetition of neurovascular dissection and clip ligation is difficult to perform laparoscopically. Von Schreiber reported that peripheral nerve function was abolished by carbon dioxide (CO2) laser irradiation [17] , and Kadota and Mimura used the CO2 laser for selective proximal vagotomy (SPV) [7] . Their animal studies showed that CO2 laser SPV was as effective as traditional surgery. We attempt to apply this technique to laparoscopic surgery.
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Laser SPV
After exposing the stomach, a CO2 laser (model MEL 30-A; Mochida Co., Ltd., Tokyo, Japan) was used to irradiate both sides of the gastric wall except the antrum at a power of 5 W. Group L1 received linear irradiation along the lesser curvature, group L2 received diffuse irradiation to half of the gastric wall near the lesser curvature, and group L3 received diffuse irradiation to the entire stomach (Fig. 2) . The defocused laser beam (5 mm in diameter) was moved slowly over each field and the irradiation duration per side in groups L1, L2, and L3 was 5, 10, and 15 s, respectively.
After surgery, rats were allowed to recover for 7 days before ulcer induction studies. After a 24-h fast, cysteamine (300 mg/kg) in 0.5 ml of water was injected subcutaneously. Rats were killed 24 h after the injection, and the stomach and duodenum were excised en bloc. The specimen was expanded with 5 ml of normal saline and then fixed in 10% aqueous buffered formaldehyde. When a perforated ulcer was present, the specimen was stretched on a board. The 
L3
length of the major axis of the duodenal ulcer was used to define the ulcer index. If there was no ulcer, the index was set at zero. Data on the incidence of ulcer were arranged in 2 × 2 contingency tables. Differences in the ulcer index were evaluated by Student's t-test, and P < 0.01 was regarded as indicating statistical significance.
cally to observe vagus nerve damage and heat degeneration. The depth of degeneration was classified as follows: serosa, subserosa, superficial muscle layer, and complete muscle layer. Dogs 3 and 4 underwent a repeat Congo red test 3 months later. Then the late effects of irradiation were observed at laparotomy and the stomachs were removed to investigate histological changes.
Experiment 2
Laparoscopic CO2 laser SPV was performed in four dogs. The dogs were intubated for ventilation under pentobarbital anesthesia. After a pneumoperitoneum was formed, five trocars were inserted (Fig.  3) . We used two prototype laser probes to irradiate the gastric wall. One produced a straight beam 5 mm in diameter and the other produced a beam at a 90 ° angle. The anterior wall was treated first. A gastroscope was introduced into the stomach to extend the anterior wall (Fig. 4a) , and a CO2 laser (15 W, 60 s) was used to diffusely irradiate an area about 3 cm wide along the lesser curvature, except for the antrum. Then the gastroscope was removed. The posterior wall of the stomach was exposed through an incision in the gastrocolic ligament and was irradiated in the same manner as the anterior wall (Fig. 4b) . Then the gastroscope was reinserted for the endoscopic Congo red test to confirm the completeness of vagotomy [3, 12] . Tetragastrin (4 p.g/kg) was injected subcutaneously about 15 rain before the test. A solution of Congo red dye (0.6%) mixed with 0.5% bicarbonate was used to lavage the stomach, and the sites of rapid color change from red to black within 2 rain were determined.
Two of the four dogs (dogs 1 and 2) were sacrificed immediately after the test. The stomach was opened along the greater curvature and was fixed in 10% aqueous buffered formaldehyde. The specimen was cut serially into 10-ram transverse sections which were stained with hematoxylin-eosin. Each section was examined microscopi-
Results
Experiment 1 (Table 1)
Cysteamin induced ulcers in all control rats. Induction of ulcers was completely prevented in the surgical SPV group. Ulcers were found in 2/10 rats in group LI, but not in any rats in group L2 and L3. The incidence of ulcers and the ulcer index were significantly lower in the surgical and laser SPV groups than in the control group.
Experiment 2
The entire procedure lasted less than 1 h in all dogs.
After laser irradiation, the Congo red test was negative in three cases. However, dog 2 showed a small black area 2 cm in diameter on the greater curvature of the body of the stomach. In dogs 1 and 2, histological examination showed that the serosa and subserosal tissues including the vagus nerve had degenerated by heat, but most of the muscle layer had been intact (Fig. 5a,b) . On the anterior wall, heat degeneration affected the 3-cm-wide irradiated area along the lesser curvature, hut the band of heat degeneration was narrower on the posterior wall and was sometimes discontinuous at the cardia (Fig. 6) .
The repeat Congo red test revealed no color change in dogs 3 and 4. These animals had mild adhesions around the stomach and histological examination showed fibrosis in the serosa and subserosal tissues. (Fig. 5c ).
Discussion
CO2 laser SPV as advocated by Kadota consists of laser irradiation to the entire gastric serosal surface, except the antrum. However, to irradiate such a large field is very difficult under laparoscopy, especially the posterior wall. Therefore, we investigated the necessary irradiation field for effective SPV in the first experiment. Induction of duodenal ulcers in rats by cysteamine administration is a well-known technique [14] . So we used the inhibition of cysteamine ulcers as an index of the effectiveness of SPV. All the CO 2 laser SPV procedures were as effective as surgical SPV, suggesting that the width of the irradiated field is not important and that irradiation near the greater curvature is unnecessary. However, the two small ulcers in group L1 suggested that narrow linear irradiation might be insufficient to block the vagus nerve. Accordingly, we irradiated about half the stomach in a 3-cm band along the lesser curvature in the second experiment using dogs.
This experiment showed that the operation could be accomplished without any complicated maneuvers. Most of the operating time was required to expose the gastric wall, and the actual laser vagotomy took only 2 rain.
The safety of CO2 laser SPV was also demonstrated. Histological examination indicated that heat degeneration was deep enough to injure the vagus nerve branches in the subserosa, but that most of the muscle and mucosal tissues were not damaged. This result can be explained by the fact that the CO2 laser beam is well absorbed by water and hardly penetrates deeper tissues [2] . Such confinement of heat degeneration should minimize gastric wall injury and reduce perforation. In addition, animal studies have indicated that gastric-wall blood flow is better after COz laser SPV than after surgical SPV [5, I0] , and this could prevent lesser curve necrosis, a serious complication of surgical SPV [9, 16] .
Although the Congo red test suggested that complete vagotomy was not achieved in 1/4 dogs, previous reports have indicated that small areas of color change are common after conventional SPV [3, 12] . There- fore, this result does not mean that laser SPV is less effective than conventional SPV.
Histological examination showed that heat degeneration was slightly deficient at the cardia on the posterior wall, possibly due to distortion of the wall when it was lifted with forceps, but there was no postoperative acid production at the fornix in the Congo red test. Irradiation of the posterior wall may be more difficult in humans, because the gastric wall is often adherent to the retroperitoneum. Therefore, we recommend anterior COz laser SPV combined with posterior truncal vagotomy in clinical application. This would be similar to Taylor's method of anterior lesser curvature seromyotomy using an electrocoagulator combined with posterior truncal vagotomy [15] , which has already been performed laparoscopically [8] . However, CO2 laser SPV is simpler, because it does not require the suturing after seromyotomy.
With regard to possible nerve regeneration after irradiation, our 3-month follow-up demonstrated no vagal reinnervation, and Kadota has reported that acid production was reduced for 12 months after CO2 laser SPV in dogs [7] . However, whether regeneration occurs after a longer period should be investigated.
To apply this method in clinics, the optimum conditions for irradiation of the human stomach should also be investigated. Kadota has stated that a safe and reliable laser vagotomy can be achieved in humans using a beam diameter of 10 mm, a power of 20 W, and a speed of 1.0 cm/s [6] . However, these conditions may be altered in laparoscopic SPV, because of dif-861 ferences in the laser probe and restrictions on movement.
In summary, CO 2 laser laparoscopic SPV was as effective as direct surgical SPV in both rats and dogs. Although technical details need to be improved, this method may prove useful for minimally invasive treatment of duodenal ulcer in humans.
